ally, LPS+HI increased macrophage/microglia activation and influx of neutrophils in the brain compared to HI. This study demonstrates the sensitizing effect of LPS on neonatal HI brain injury for an extended time-frame up to 15 days postinsult. LPS before HI induced a gradual increase in gray and white matter deficits, including reduced numbers of more mature myelinating oligodendrocytes and a decrease in white matter integrity. Moreover, LPS+HI prolonged and intensified the cerebral inflammatory response, including cellular infiltration. In conclusion, as the timing of damage and/ or involved pathways are changed when HI is preceded by inflammation, experimental therapies might require modifications in the time window, dosage or combinations of therapies for efficacious neuroprotection.
Introduction
Neonatal encephalopathy due to perinatal asphyxia continues to be an important cause of mortality and morbidity in the human neonate. Perinatal brain injury often results in severe and long-lasting disabilities, like motor deficits, seizures and severe cognitive, psychological and behavioral problems, which represent an enormous burden for the child, its parents and society [1] [2] [3] . Importantly, the risk of developing neonatal encephalopathy is strongly increased after maternal intrapartum fever or other antenatal inflammatory conditions like chorioamnionitis [4] [5] [6] [7] . Moreover, it is known that exposure of the fetal brain to a proinflammatory environment in utero negatively influences clinical outcome after asphyxia, including an increased risk of development of spastic cerebral palsy [8] [9] [10] [11] . In an attempt to mirror this clinical situation, several animal models have been developed over the past decade. Most of these models use lipopolysaccharide (LPS), a structural component of most Gramnegative bacteria that binds to Toll-like receptor 4, as the inflammatory stimulus [12] . To investigate the consequences of a proinflammatory environment for the neonatal brain, administration of LPS to the pregnant mother (either systemically or locally in the uterus) or direct administration of LPS to the newborn rodent (systemically or locally in the brain) have been tested [13] . With respect to studies on neonatal brain damage, LPS is often combined with hypoxia-ischemia (HI), the latter first described by Rice et al. [14] . The contribution of inflammation to HI brain damage is complex and conflicting results have been obtained when exploring the dose and time frame of LPS application before inducing HI. The general view is that inflammation before HI sensitizes the brain and thereby aggravates HI cerebral injury. However, the exact mechanisms underlying proinflammatory sensitization are still unclear [15] [16] [17] [18] [19] [20] [21] . To date, the exact timing of the sensitizing effect of LPS on the intensity of cerebral gray and white matter injury and the formation of an acellular cyst after HI have not been investigated in detail. Moreover, most studies only used loss of myelin basic protein (MBP) staining as a marker for white matter injury, whereas the effect of a proinflammatory environment in the context of HI on white matter integrity and on differentiation of oligodendrocytes remains largely unknown. In addition, it is of great importance to know the effect of combined exposure to LPS and HI on the degree, timing and duration of the cerebral inflammatory response, including the induction of proinflammatory or anti-inflammatory cytokines/chemokines, activation of microglia and influx of neutrophils and macrophages into the cerebral parenchyma. Closely mapping the development of injury and the cerebral inflammatory response in the LPS+HI model, which mimics the clinical situation in near-term neonates, is an essential step to allow exploration of future therapeutic strategies for the neonate facing perinatal asphyxia combined with a proinflammatory state.
The data within this paper show the precise timing of development of cerebral tissue loss, gray and white matter damage, and integrity in response to LPS+HI over a time window of 3 h up to day (D)15 postinsult. In parallel, we determined the effect of LPS+HI on the number of oligodendrocytes throughout the lineage and more mature oligodendrocytes as well as on the cerebral inflammatory response and infiltration of inflammatory cells into the brain in the first 3 days postinsult.
Materials and Methods

Animals
All experiments were performed according to international guidelines and approved by the local experimental animal committee of the University Medical Center Utrecht (DEC-ABC, Utrecht). On postnatal day 9 (P9), C57Bl/6 mice pups were anaesthetized with isoflurane (4% induction, 2% maintenance), the right common carotid artery was occluded by thermo-cauterization, xylocaine (100 mg/ml; AstraZeneca, Zoetermeer, The Netherlands) was applied and the incision was closed. After a minimal 1 h recovery, the pups were exposed to 10% O 2 in N 2 for 45 min and returned to their dams. Sham-control animals underwent anesthesia and incision only. LPS+HI or LPS+sham control animals received an intraperitoneal (i.p.) injection of LPS (List Biological Laboratories, Campbell, Calif., USA) at a dose of 0.5 mg/kg 14 h before surgery. Pups of both genders were used. Importantly, we did not observe any significant gender differences in any of the measured parameters. The experimental procedure resulted in a mortality rate of 8.4%, there was no difference in the mortality rate between LPS+HI and HI animals. Mortality occurred during the experimental procedure and none of the animals died during follow-up.
For immunohistochemistry, animals were sacrificed by a pentobarbital overdose at 3 h or D1, 2, 3, 4, 5, 10 or 15 after the insult followed by transcardial perfusion with 4% paraformaldehyde in phosphate-buffered saline (PBS). Brains were postfixed and embedded in paraffin. For quantitative real-time reverse transcriptase PCR analysis, animals were sacrificed by decapitation directly before HI or at 3 h, D1, 2 or 3 postinsult. Contra-and ipsilateral brain hemispheres were collected and stored at -80 ° C.
Histology
Coronal paraffin brain sections (8 μm) were cut at the level of the hippocampus and striatum (equivalent to -1.28 and +0.38 mm from bregma in adult mice). Deparaffinized sections were stained with hematoxylin and eosin (HE; Klinipath, Duiven, The Netherlands) or were used for immunohistochemistry. In detail, deparaffinized sections that were used for microtubule-associated protein 2 (MAP2) or polymorphonuclear neutrophil (PMN) staining were boiled for 5 min in 10 m M citrate buffer (pH 6.0) for heat-induced antigen retrieval, before being blocked with 5% normal horse serum or 5% normal goat serum, respectively, followed by o/n incubation with mouse anti-MAP2 (1: 1,000; Sigma-Aldrich, Steinheim, Germany) or rabbit anti-PMN (1: 500; Accurate Antibodies, Westbury, N.Y., USA) antibodies. The next day, the sections were incubated with biotinylated horse anti-mouse or goat anti-rabbit (1: 100; Vector Laboratories, Burlingame, Calif., USA) antibodies. Visualization was performed using Vectastain ABC kit (Vector Laboratories) and diaminobenzamidine. We used PBS for all intermediary washing steps.
Subsequent paraffin sections were stained for mouse anti-MBP. In short, deparaffinized sections were blocked with 20% normal horse serum in PBS/0.5% Triton X-100 before o/n incubation with mouse-anti-MBP antibody (1: 1,600, MBP; Sternberger Monoclonals Inc., Lutherville, Md., USA) followed by biotinylated horse anti-mouse (1: 400; Vector Laboratories) antibody. Including an additional antigen retrieval step was not required for this staining. Visualization was performed using Vectastain ABC kit (Vector Laboratories) and diaminobenzamidine. We used PBS for all intermediary washing steps.
For HE, MAP2 and MBP staining, full-section images were captured with a Nikon D1 digital camera (Nikon, Tokyo, Japan). For HE and MAP2 staining the brain areas were outlined manually by an experienced scientist blinded to the experimental conditions, using image processing tools in Adobe Photoshop CS5 (Adobe Systems Inc., San Jose, Calif., USA). For quantification of MBP loss, image processing tools in ImageJ software (US National Institutes of Health, Bethesda, Md., USA; http://rsb.info.nih. gov/ij/) were used, in which the MBP-positive staining was converted to a binary signal and positive pixels were measured. Ipsilateral area loss was calculated as 1 -(area of ipsilateral staining/ area of contralateral staining) × 100%. For analysis of corpus callosum thickness, photographs were taken of MBP-stained sections with a Zeiss Axio Lab A1 microscope and Icc5 camera, and analyzed using ZEN2012 software (Carl Zeiss, Oberkochen, Germany). MBP-positive fiber coherency was analyzed using the OrientationJ plugin for ImageJ (http://bigwww.epfl.ch/demo/orientation/). The fiber coherency was used as a measurement of the (dis) organization of MBP-positive fibers in the cortex. A higher fiber coherency indicates a more linear MBP-positive pattern resulting from a decrease in lateral arborization. PMN staining was quantified by counting the areal density of positive cells in the ipsilateral hemisphere by a scientist blinded to the experimental conditions.
For all immunofluorescent stainings, deparaffinized sections were boiled for 10-20 min in 10 m M citrate buffer (pH 6.0) for heat-induced antigen retrieval, before blocking them for 30 min with blocking buffer (0.1% saponin and 2% BSA in PBS), followed by o/n incubation with rabbit anti-oligodendrocyte lineage transcription factor 2 (1: 200, Olig2; Millipore, Billerica, Mass., USA), mouse anti-2 ′ -3 ′ -cyclic nucleotide 3 ′ -phosphodiesterase (1: 200, CNPase; Abcam, Cambridge, UK) or rabbit antiionized calcium-binding adapter molecule 1 (1: 200, Iba-1; Wako Chemicals, Richmond, Va., USA) followed by Alexa Fluor 488-conjugated secondary antibody (1: 400; Molecular Probes, Eugene, Oreg., USA). PBS/0.5% Tween was used as a washing buffer. Sections were counterstained with 4 ′ ,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) and embedded using Fluorsave (Calbiochem, Darmstadt, Germany). Fluorescent images were obtained using a Zeiss Axio Observer inverted microscope (Carl Zeiss) and were processed using ImageJ software. Images were analyzed by an observer blinded to the experimental conditions. For Olig2 and CNPase staining, 3 microscopic fields were analyzed per infarcted cortex and 5 microscopic fields per corpus callosum and cingulum area at the striatal level. The areal density of Olig2-positive cells was analyzed using the particle analysis nucleus counter plugin for ImageJ software. Data represent the mean value of areal density of Olig2-positive cells in 3-5 microscopic fields per square millimeter. For CNPase staining, the mean area of CNPase-positive pixels was measured per square millimeter using ImageJ software (threshold, histogram). For Iba-1 staining, 6 microscopic fields were analyzed per cortical and the hippocampal area and mean area of positive pixels were measured per square millimeter using ImageJ software (threshold, histogram). For CNPase or Iba-1, images of all animals were analyzed with similar threshold per staining.
For all immunohistochemical and immunofluorescent stainings, omitting the primary antibody resulted in negative staining of the brain sections, confirming the specificity of the staining. In addition, for all stainings used in this work, sections of all animals were always stained simultaneously to prevent variation in the procedure.
Quantitative Real-Time Reverse Transcriptase PCR Total RNA was isolated from the brain samples using TRIzol ® (Invitrogen, Paisley, UK) according to the manufacturer's protocol. cDNA was synthesized with SuperScript Reverse Transcriptase (Invitrogen). PCR was performed using the iQ5 Real-Time PCR Detection System (Bio-Rad Laboratories, Veenendaal, The Netherlands) for tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, IL-6, transforming growth factor-β (TGF-β), IL-10, monocyte chemoattractant protein 1 (MCP-1) and cytokine-induced neutrophil chemoattractant 1 (CINC-1; for primer sequences, see table 1 ). To confirm appropriate amplification, the 81 size of PCR products was verified on gel. Data were individually normalized for the mean of the relative expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and β-actin.
Statistical Analysis
All analyses were performed in a blinded setup. Statistical analyses were performed using SPSS (version 20.0) and GraphPad Prism 5 (GraphPad Software, La Jolla, Calif., USA) software. All data are expressed as mean ± SEM and were analyzed by one-or two-way ANOVA with Bonferroni post hoc tests. p < 0.05 was considered statistically significant.
Results
Cerebral Gray Matter Injury HI brain damage was induced in P9 mouse pups by unilateral occlusion of the right carotid artery and 45 min of systemic hypoxia (designated as the 'HI' group). To investigate the additional effect of a systemic inflammation on HI-induced brain damage, animals in the LPS+HI group received an i.p. injection of LPS at a dose of 0.5 mg/ kg 14 h before the HI insult. Mice were terminated at several time points after HI, from 3 h until D15, to observe the development of brain injury over time after HI or LPS+HI ( fig. 1 ).
First we determined the effect of HI and LPS+HI on cerebral volume loss and possible cyst formation by using HE staining. During the first 2 days after the induction of HI, no clear volume loss of the ipsilateral hemisphere was observed in the HI or LPS+HI groups ( fig. 1 a, c) . Starting at D3, HI alone caused a small reduction in ipsilateral cortical volume with disintegration of the hippocampal architecture without formation of a cyst (i.e. complete loss of tissue/an acellular lesion; fig. 1 c) . No significant increase in ipsilateral volume loss was observed in HI animals between D3 and D15 and, consistent with this finding, none of the HI-mice displayed cyst formation ( fig. 1 a, c). When HI was preceded by LPS, however, a significant increase in ipsilateral volume loss was observed compared to HI littermates starting at D3 postinsult (32.4 ± 3.8% ipsilateral volume loss in LPS+HI mice vs. 17.0 ± 2.4% in HI animals, p < 0.01; fig. 1 a, c). After LPS+HI, macroscopically visible cystic lesions developed from D4 onwards, located in the hippocampal and cortical area. Moreover, the amount of ipsilateral volume loss significantly increased over time in LPS+HI versus HI mice (42.5 ± 5.0 vs. 15.5 ± 1.0% at D4, 46.6 ± 3.3 vs. 16.3 ± 3.9% at D5, 65.2 ± 3.7 vs. 30.8 ± 6.1% at D10 up to 55.7 ± 4.8 vs. 24.5 ± 8.7% at D15, p < 0.001 for all time points; fig. 1 a, c). Importantly, no changes in volume loss were observed in the contralateral hemisphere of HI or LPS+HI animals compared to sham-control littermates.
MAP2 staining was performed to determine the specific development of gray matter injury after HI and LPS+HI. At 3 h postinsult, HI resulted in ipsilateral MAP2 loss of 23.1 ± 4.7%, which was limited to the hippocampal area ( fig. 1 b, c). Interestingly, no further loss of MAP2 staining was detectable from 3 h until D15 after HI ( fig. 1 b, c). LPS injection before HI resulted in a significant increase in MAP2 loss, which was located in the ipsilateral hippocampus, cortex and striatum ( fig. 1 b, c) . Enhanced MAP2 loss after LPS+HI was already present as early as D1 postinsult (LPS+HI vs. HI, 44.7 ± 7.9 vs. 21.3 ± 5.0%, p < 0.01) and showed a gradual increase over time up to 63.3 ± 6.4 vs. 24.0 ± 4.8% MAP2 loss at D15 in LPS+HI vs. HI animals (p < 0.001). Anesthesia and incision only did not result in neuronal damage since we did not observe any MAP2 loss in sham-control animals at any of the measured time points. LPS injection alone without HI did not induce any MAP2 or volume loss at 6 days (P14) after injection compared to sham-operated littermates ( fig. 1 d) .
Cerebral White Matter Injury
Myelination of the brain is hardly detectable in the first postnatal week of rodent brain development. We first determined at which postnatal day MBP expression was high enough to reliably study the effects of HI and LPS+HI on MBP loss as a measure of white matter damage ( fig. 2 a) .
To this end, we quantitatively measured MBP expression over time in both hemispheres of sham-control animals. Figure 2 a shows that MBP expression in the mouse brain was very low until P11. From P12-24, MBP expression gradually increased ( fig. 2 a) . fig. 2 d) . Next, we studied the effects of HI and LPS+HI on white matter integrity. It is known that HI can induce changes in corpus callosum volume, which is associated with lateralizing motor deficits [22, 23] . Therefore, we measured the thickness of the corpus callosum after HI and LPS+HI at the striatal level, both at the midline and in the contra-and ipsilateral hemisphere at D10 postinsult. HI induced a nonsignificant thinning of the corpus callosum compared to sham-operated littermates at the midline (83.1 ± 10.4 vs. 54.6 ± 14.4 μm, HI vs. sham; fig. 3 a, c) . Administration of LPS prior to HI caused a significant reduction in the thickness of the corpus callosum at the midline compared to sham-control levels (83.1 ± 10.4 vs. 39.9 ± 6.2 μm, p < 0.05; fig. 3 a, c) . Additionally, in LPS+HI animals loss of MBP staining within the corpus callosum was clearly extending towards the ipsilateral hemisphere, in particular in the ventral layer of the corpus callosum. The thickness of the corpus callosum in the ipsilateral hemisphere was 23.1 ± 2.6 vs. 46.7 ± 9.5 μm (LPS+HI vs. sham, p < 0.05; fig. 3 a, c) . HI alone did not induce significant thinning of the corpus callosum in the ipsilateral hemisphere ( fig. 3 a, c) . No significant differences in corpus callosum thickness were measured in the contralateral hemisphere of sham-operated, HI or LPS+HI animals.
We have shown before that HI can induce a decline in lateral arborization of MBP-positive fibers in the ipsilateral cingulum, defined as an increase in fiber coherency demonstrated by a more linear MBP pattern [23] . Figure  3 d and e show that HI did not result in a significant increase in MBP-positive fiber coherency (indicating no significant reduction in lateral arborization of MBP-positive fibers) within the cingulum at D10 postinsult compared to sham-operated littermates. LPS administration before HI, however, caused a significant decrease in lateral arborization of MBP-positive fibers, resulting in strongly increased MBP-positive fiber coherency compared to HI and sham at D10 (0.15 ± 0.02 vs. 0.07 ± 0.02 or 0.05 ± 0.01%, LPS+HI vs. HI or sham, p < 0.05 or p < 0.01; fig. 3 d, e) .
Next, we examined whether LPS affects oligodendrocyte numbers after HI. We stained the brains of shamoperated, HI and LPS+HI mice with an antibody directed against Olig2, which is expressed throughout the oligodendrocyte lineage and thus identifies the entire pool of oligodendrocytes, and with an antibody directed against CNPase that identifies more mature (myelinating) oligodendrocytes. HI significantly increased the areal density of Olig2-positive cells in the ipsilateral infarct area compared to sham-operated animals at D10 (152.0 ± 17.1 vs. 79.0 ± 2.4 cells/mm 2 , p < 0.001; fig. 4 a, c) . HI did not induce changes in the areal density of Olig2-positive cells in the corpus callosum/cingulum area ( fig. 4 b) . After LPS+HI, a significantly higher areal density of Olig2-positive cells was observed in the infarct area compared to HI littermates (221.5 ± 24.1 vs. 152.0 ± 17.1 cells/mm 2 , p < 0.01; fig. 4 a, c) , whereas LPS+HI also did not induce changes in the areal density of Olig2-positive cells in the corpus callosum/cingulum area ( fig. 4 b) . Figure 4 d-f show that HI caused a significant decrease in more mature myelinating oligodendrocytes measured by a decrease in CNPase-positive signal in the ipsilateral infarct area (p < 0.001) and a small, nonsignificant decrease of CNPase signal in the corpus callosum/cingulum area compared to sham-control animals. LPS administration before HI, however, resulted in a dramatic decrease of CNPase-positive signal in the infarct area (p < 0.001) and corpus callosum/cingulum area (p < 0.01) compared to HI ( fig. 4 d-f ).
Cerebral Inflammatory Response
To investigate the effect of LPS on the HI-induced cerebral inflammatory response, we analyzed pro-and antiinflammatory cytokine and chemokine mRNA expression in the brain at 3 h, D1 (24 h), 2 and 3 postinsult. Figure 5 a shows that HI induced an ipsilateral upregulation of TNF-α mRNA expression compared to sham-control levels within 3 h up to D1 post-HI. The expression of IL-1β and IL-6 mRNA showed a modest, nonsignificant increase compared to sham-control levels at 3 h and D1 postinsult. At D2 and D3 after HI, TNF-α, IL-1β and IL-6 mRNA expression levels declined to sham-control levels ( fig. 5 a) . When HI was preceded by LPS injection, however, TNF-α mRNA expression was strongly increased compared to HI. In more detail, at 3 h postinsult, TNF-α expression increased 34-vs. 16-fold in the LPS+HI vs. HI animals compared to sham levels (p < 0.001). Moreover, TNF-α mRNA expression remained significantly elevated until D3 in LPS+HI mouse pups ( fig. 5 a) . In addition, LPS+HI induced a significant upregulation of IL-1β mRNA expression at 3 h and D1 compared to HI (p < 0.01 and p < 0.001), which returned to baseline at D2 postinsult. LPS administration before HI significantly enhanced IL-6 expression at D1 (26-vs. 9-fold, LPS+HI vs. HI compared to sham levels, p < 0.05). IL-6 mRNA levels sharply declined at D2 in the HI and LPS+HI group ( fig. 5 a) . Thus, our data show that LPS+HI resulted in a significantly increased and prolonged upregulation of proinflammatory cytokines when compared to HI only ( fig. 5 a) .
Next we studied the expression of the anti-inflammatory mediators TGF-β and IL-10 after HI and LPS+HI. HI induced a moderate upregulation of the anti-inflammatory gene TGF-β at D3 postinsult in the ipsilateral hemisphere (p < 0.05; fig. 5 b) . LPS administration prior to HI resulted in a significant ipsilateral upregulation of TGF-β at D2 and D3 postinsult compared to HI (p < 0.0001 and p < 0.01; fig. 5 b) . For IL-10 mRNA expression, we observed that HI did not induce a significant upregulation compared to sham-control levels. LPS+HI induced a strong upregulation of IL-10 expression at 3 h, D1 and D2 which declined to baseline at D3 post-insult. HI-induced IL-10 expression was significantly higher in LPS+HI brains compared to HI at D1 postinsult (p < 0.05; fig. 5 b) .
Additionally, we determined the effect of HI and LPS+HI on the expression of MCP-1 and CINC-1, two important chemoattractants for influx of macrophages and neutrophils, respectively. After HI, we observed a 45-and 47-fold increase in cerebral MCP-1 expression at 3 h and D1 postinsult compared to sham-control levels ( fig. 5 c) . The expression of CINC-1 showed a small, nonsignificant increase at 3 h and D1 (4-vs. 6-fold, HI compared to sham levels). When HI was preceded by an LPS injection, increased expression of MCP-1 was observed at D1 up to D2 postinsult (p < 0.001 and p < 0.01), with a peak at D1 ( fig. 5 c) . At D1, LPS+HI induced significantly higher levels of CINC-1 (p < 0.001) compared to HI.
The data presented in figure 5 show that when HI is preceded by LPS both the proinflammatory as well as anti-inflammatory cytokine/chemokine response in the brain is increased and prolonged. Notably, LPS injection without HI resulted in a small but nonsignificant upregulation of TNF-α, IL-1β, IL-10 and MCP-1 when measured 14 h after the injection ('Pre' groups; fig. 5 a-c) .
To determine the cerebral activation/influx of microglia/macrophages and neutrophils, we performed Iba-1 and PMN stainings, respectively, on brain sections of sham-operated, LPS alone, HI and LPS+HI mouse pups. Figure 6 a and c show that after HI Iba-1-positive cells displayed a more activated phenotype, but Iba-1-positive signal was not significantly increased. LPS+HI resulted in a significant increase in Iba-1-positive signal with a concomitant increased intensity of Iba-1 staining per cell, indicating an increased activation state of macrophages/ microglia in the ipsilateral cortical and hippocampal area at D2 postinsult (p < 0.05; fig. 6 a) [24] [25] [26] . The Iba-1-positive signal declined at D15 postinsult ( fig. 6 a) . Figure 6 c illustrates that Iba-1-positive cells in sham-operated mice displayed a resting state phenotype with ramified morphology, whereas the Iba-1-positive cells in HI and LPS+HI animals showed a more activated state with amoeboid shape and retracted processes. Importantly, LPS injection alone without HI did not induce an increase in Iba-1-positive signal at D2 (3 days after injection) and Iba-1-positive cells displayed a resting state phenotype like sham-operated littermates ( fig. 6 c) .
To assess neutrophil influx into the brain parenchyma, a PMN staining was performed during the first 3 days following the insult. Neutrophils were not detected in the brains of sham-control animals ( fig. 6 d, e) . Following HI, a small increase in the areal density of neutrophils was observed in the right cerebral hemisphere at D1-3. LPS+HI resulted in a massive influx of neutrophils, peaking at D1, which was significantly increased compared to HI only (p < 0.001). Neutrophil areal density declined but remained slightly elevated until D3 ( fig. 6 d) . Neutrophils were specifically observed in the damaged cortex, with minimal numbers in the hippocampal area. A large number of infiltrating neutrophils were observed within the brain parenchyma (outside blood vessels), indicating the diapedesis of these cells. LPS injection alone without HI did not induce influx of neutrophils into the brain at D1 (2 days after injection) compared to sham-operated littermates ( fig. 6 e) .
Discussion
Over recent years, the role of inflammation in the development of neonatal brain damage has become a matter of great interest. Antenatal infections are recognized as an important risk factor for adverse outcome in term and preterm neonates [27] [28] [29] [30] [31] [32] [33] [34] [35] . The combined exposure to perinatal inflammation and neonatal HI results in a complex interplay of various signaling pathways of which the exact underlying mechanism has not been elucidated yet. Experimental peripheral inflammation induced by LPS is known to induce an inflammatory cerebral state leading to sensitization of the brain to HI injury [15, 16, 19, 21, 36, 37] . Possible mechanisms via which peripheral LPS can sensitize the brain have been described extensively and consist of: (i) stimulation of endothelial cells of the blood-brain barrier (BBB), (ii) activation/priming of microglia via immune signals produced by endothelial and choroid plexus cells at the level of the BBB, (iii) direct transport of peripheral inflammatory molecules across the BBB, (iv) increased permeability of the BBB, which enhances the influx of peripheral immune cells into the brain, (v) stimulation of the vagal nerve by peripheral cytokines leading to signaling in the brain and (vi) the effects of inflammation on G-protein-coupled receptor signaling in the brain [17, [38] [39] [40] [41] . In the present study, we carefully characterized the sensitizing effect of LPS on the severity, appearance and especially timing of HI-induced brain injury.
We have described here that an inflammatory state before HI not only aggravates neuronal damage measured 89 by MAP2 loss when compared to HI, but is also associated with a gradual increase of neuronal damage from 3 h up to D10 postinsult. In contrast, the total amount of MAP2 loss in HI animals had already developed early, at 3 h postinsult, without any further increase over time. Importantly, we observed a clear difference in the timing of acute neuronal damage (MAP2 loss) and actual loss of cerebral tissue, i.e. cyst formation after HI and LPS+HI.
Whereas MAP2 loss was already present at 3 h postinsult, our data show that volume loss of cerebral tissue does not start before D2-3 postinsult as shown by HE staining. So, acute neuronal damage measured by MAP2 loss is an early indicator of gray matter damage but is not one-to-one related to direct loss of cerebral tissue, which is delayed for about 2-3 days. Notably, the relatively mild HI insult induced microscopic loss of hippocampal architecture and some loss of cortical volume but did not induce a macroscopically detectable cystic lesion. However, when HI was preceded by LPS, a major cystic lesion developed starting at D3-4, which increased until D10 postinsult. These data are important because they suggest that the time window for promising pharmacological interventions after HI probably changes when HI is preceded or combined with inflammation. We recently described a treatment strategy to regenerate HI brain injury by administering mesenchymal stem cells [42, 43] . An advantage of this neuroregenerative strategy is a long therapeutic window; treatment with mesenchymal stem cells leads to repair of the lesion, even when started 10 days after HI. However, since the timing of the 'damage response' to HI changes when HI is accompanied by inflammation, one should take into account that inflammation may considerably shorten the time window of MSC treatment. In particular, the formation of acellular cysts that develop from 3-4 days after LPS+HI might require acceleration of the start of regenerative therapies. Our data may also guide other therapeutic regenerative or neuroprotective strategies currently being investigated for neonatal encephalopathy, like erythropoietin or melatonin treatment [44] [45] [46] [47] . The influence of combined exposure to inflammation and HI on cerebral white matter injury was measured by loss of MBP staining in the infarct area. As described before, LPS induced a significant increase in HI-induced cerebral white matter damage [37] . Here we show that LPS+HI also affected myelination in white matter structures outside the infarcted area, which can have important consequences for neurodevelopmental outcome. LPS+HI induced thinning of the corpus callosum, an important white matter structure that facilitates communication between both hemispheres. The thickness of the corpus callosum can be influenced by a deficit in myelination and/or axonal damage. In human neonates, a reduction in corpus callosum thickness is associated with cognitive and motor impairment [48] [49] [50] . Additionally, arborization of the myelinated fibers in the cingulum was strongly reduced by LPS+HI. Axonal injury in this part of the brain has been shown to be involved in cognition, working-memory performance and motor function, for example [23, 48, 51, 52] .
The observed effects of LPS+HI on myelination urged us to investigate the effect of LPS+HI on oligodendrocytes [53] . Interestingly, after HI, the areal density of Olig2-positive cells was upregulated selectively in the infarcted area. We have shown that sensitization by LPS led to an even stronger upregulation of Olig2-positive cells in the infarcted area after HI. In line with a decrease in MBP staining, CNPase-positive signal, as a marker for more mature myelinating oligodendrocytes, was strongly decreased in the infarcted area after HI and was almost completely absent after LPS+HI. Our data might indicate that HI and LPS+HI induces oligodendrogliogenesis or migration of oligodendrocytes to the site of damage in an attempt to repair myelination of the white matter tracts. However, since there is a decrease in more mature myelinating oligodendrocytes, the development of oligodendrocyte precursors into the final mature myelinating stage might be delayed or even arrested after LPS+HI. In line with our data, previous animal studies have shown that neonatal HI or systemic inflammation result in proliferation of oligodendrocytes, which is often followed by an arrest in differentiation and maturation into mature oligodendrocytes [54, 55] . Importantly, this phenomenon is also described in human neonates following periventricular leukomalacia [29, 56, 57] . An arrest in oligodendrocyte maturation will eventually result in a decrease in myelin production, white matter damage and axonal injury.
A proinflammatory state during the perinatal period can already affect oligodendrocyte precursors and elicit cerebral white matter damage and behavioral deficits, as shown in animal models [58] [59] [60] [61] [62] [63] [64] . However, in a control group we injected LPS (0.5 mg/kg) intraperitoneally without induction of HI, but we did not observe any aberrations in cerebral gray or white matter structures or tissue loss in our neonatal mouse model. The formation of free radicals, excitotoxicity, astrogliosis and release of cytokines by activated microglia are important downstream mechanisms that can damage the developing oligodendrocyte after inflammation and/or HI [53, 65, 66] . In particular, TNF-α has been described to negatively influencing oligodendrocyte maturation and/or induce oligodendrocyte death [53, [67] [68] [69] . Apparently, the changes induced by LPS alone are not sufficient to induce white or gray matter damage in our mouse model. LPS injection prior to HI resulted in an increased expression of all measured proinflammatory cytokines and chemokines in the ipsilateral hemisphere compared to HI. Besides the increased upregulation, levels of TNF-α, TGF-β, IL-10 and MCP-1 were elevated for a prolonged time up to D2-3. Particularly TNF-α expression was strongly increased and prolonged following LPS+HI and is likely a crucial factor contributing to the arrest in oligodendrocyte maturation [53, 67, 68, 70] . We showed earlier that HI-induced changes in cytokine mRNA levels were related to changes in the protein levels of these cytokines [71] . Besides the effect on oligodendrocytes, Kendall et al. [16] showed that TNF-α is a key factor in the LPS-mediated sensitizing effect on HI brain damage, since deletion of the TNF gene cluster prevented the LPS-induced increase in endothelial and microglia activation and the increase in HI brain damage. Consequently, anti-TNF therapies could be promising in neonates in whom inflammation precedes HI.
Besides the increased upregulation of proinflammatory cytokines, we also observed a strong increase in antiinflammatory TGF-β and IL-10 following LPS+HI. TGF-β was hardly upregulated after HI alone, but LPS injection induced elevated and prolonged expression from D2-3. Besides possible anti-inflammatory effects of TGF-β, Nobuta et al. [72] showed that TGF-β is also an important inhibitor of oligodendrocyte proliferation and differentiation in vitro and that TGF-β is extensively expressed in the white matter following cerebral white matter injury in human neonates. We suggest that the strong and early rise in TNF-α, for example, might have an early damaging effect on oligodendrocytes and result in an increase in oligodendrocyte proliferation (i.e. an increased areal density of Olig2-positive cells), followed by a possible second hit on oligodendrocyte maturation caused by increased TGF-β expression at D1-3. TGF-β signaling could therefore also be an interesting target to reduce white matter injury following LPS+HI.
LPS+HI induced an increase in IL-10 mRNA expression at D1 compared to HI only. IL-10 is an anti-inflammatory cytokine capable of suppressing proinflammatory cytokine production and has been shown to have a protective effect on developing white matter [73] [74] [75] . However, our present data indicate that the possible protective effect of IL-10 might become overshadowed by the strong proinflammatory response induced by LPS.
Besides the effects of damaging signals like free radical formation, excitotoxicity or cytokine release, maturation and survival of oligodendrocytes is also dependent on the availability of several growth and trophic factors secreted by local cells like microglia, astrocytes and neurons, including insulin-like growth factors (IGFs), nerve growth factor, ciliary-neurotrophic factor (CNTF), platelet-derived growth factor and fibroblast growth factor [76, 77] . Pang et al. [68] showed that LPS causes a reduction in microglia-derived growth factors IGF-1 and CNTF, which was associated with oligodendrocyte death in vitro. However, the exact effects of LPS+HI on these growth factors in vivo are still unknown. We feel that ongoing research should also aim at further unraveling the effect of inflammation on trophic and growth factors involved in the differentiation and maturation of oligodendrocytes, so that future therapies can circumvent the arrest in oligodendrocyte maturation to prevent white matter injury in the context of perinatal inflammation.
Microglial activation results in the release of harmful molecules, including nitric oxide, glutamate and cytokines, which can aggravate brain damage. Several studies have shown that microglia play an important role in the sensitizing effect of LPS on HI brain damage [37, 68, 78, 79] . In this study we observed an increased Iba-1-positive signal and morphologically an increased activation state of microglia/macrophages in the brain 2 days following LPS+HI when compared to HI only. The increased Iba-1-positive signal is probably caused by infiltration of peripheral macrophages to the site of injury. Interestingly, at D1 after insult, no significant difference in Iba-1 staining was observed between HI and LPS+HI animals. It could be that LPS induces priming of microglia in an earlier phase without clear morphological changes assessed by Iba-1 staining [37] .
LPS+HI caused a dramatic increase in CINC-1 expression and neutrophil influx into the brain within 1 day postinsult when compared to HI. Besides the increased CINC-1 expression, the early and rapid influx of neutrophils might be explained by the influence of systemic inflammation on adhesion molecule expression on endothelial cells of the BBB, leading to more directed trafficking of immune cells to the lesion site [17] . Furthermore, the increase in peripheral cytokines following systemic LPS may influence signaling cascades in leukocytes, thereby enhancing their migratory potential [80, 81] . Neutrophils play an important role in clearing cellular debris after tissue damage. However, after activation they release cytotoxic molecules that can damage surrounding tissue. We and others have previously shown that neutrophil depletion can reduce HI-induced brain damage [82] [83] [84] . Prevention of the early influx of neutrophils, by inhibiting chemotactic cues like CINC-1 in the periphery or brain, could be an interesting therapeutic option to prevent the exacerbation of HI brain injury after LPS+HI.
In conclusion, our data show that when a HI insult is preceded by an inflammatory stimulus the timing of brain injury changes and additional molecular and/or cellular pathways contribute to the evolvement of the lesion. These changes in timing and pathways are important because they might require modifications in the time window, dosage or a combination of promising experimental therapies to result in effective and successful neuroprotection or neuroregeneration after inflammatory perinatal asphyxia. Hypothermia is currently the only standardized treatment for full-term neonates suffering from an HI insult. It is important to realize that exacerbation and prolongation of the 'damage response' induced by inflammation can have important implications for the efficacy of hypothermia treatment after HI. Hypothermia has been shown to be only effective when started within 6 h after HI in term neonates [85, 86] . Recently, Osredkar et al. [87] showed that hypothermia has no neuroprotective effect after LPS-sensitized HI brain injury. Furthermore, Wintermark et al. [9] suggested that chorioamnionitis with fetal vasculitis may limit the effectiveness of therapeutic hypothermia following HI in human full-term neonates. If the metabolic state of the brain is increased or altered due to (preceding) inflammation, cooling might be less effective. The loss of effectiveness of the only clinically applied therapy at present in term neonates suffering from inflammatory perinatal asphyxia further highlights the indispensable need to explore novel therapies specifically aimed at dampening the inflammatory component. Moreover, current treatments using anti-inflammatory strategies may have to be continued for a longer period, and/or have to be intensified to suppress the increased and prolonged neuroinflammatory response.
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